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DAMOND-BASED CHEMICAL SENSORS CROSS REFERENCE TO RELATED APPLICATION
This application is a continuation-in-part of copend ing application Ser.No. 07/939,446 filed Sep. 2, 1992 now U.S. Pat. No. 5,285,034, issued Feb. 8, 1994 .
FIELD OF THE INVENTION
This invention relates to microelectronic devices, and more particularly to microelectronic devices fabricated of diamond.
BACKGROUND OF THE INVENTION
Chemical sensors are widely used in industrial envi ronments for process control, environmental control, and other applications. As is well known to those hav ing skill in the art, a chemical sensor is a device which monitors the concentration of a given chemical species in a liquid or a gas. Chemical sensors are often required to be highly sensitive, in order to detect small concen trations of the chemical. They are also often required to withstand harsh chemical environments and/or high temperatures which may be present in process control, environmental control or other applications.
One form of chemical sensor is a gas sensor. Schottky diodes are widely used as gas sensors. As is well known to those having skill in the art, a diode exhibits a very low resistance to current flow in one direction and a very high resistance to current flow in the opposite direction, thereby producing current rectification. As is also well known to those having skill in the art, a Schottky diode produces rectification as a result of nonlinear current transport across a metal-semiconduc tOT COntact.
For example, a Schottky diode using a catalytic metal contact such as platinum or palladium, has been shown to be an excellent hydrogen gas sensor. In a Schottky diode, the Schottky barrier height decreases when the device is exposed to a hydrogen containing atmosphere. The hydrogen induced changes are typically detected as a modification of the capacitance voltage (C-V) or the current voltage (I-V) characteristics of the diode. See, for example, a publication entitled Use of the Elec troreflectance Technique in Pt/GaAs Schottky Barrier Sensor Characterization by Lechuga et al., Sensors and Actuators, Vol. 32, pp. 354-356, 1992. Diamond is a preferred material for semiconductor devices because it has semiconductor properties that are better than silicon, germanium or gallium arsenide. Diamond provides a higher energy bandgap, a higher breakdown voltage and a higher saturation velocity than these traditional semiconductor materials.
These properties of diamond yield a substantial in crease in projected cutoff frequency and maximum operating voltage compared to devices fabricated using silicon, germanium or gallium arsenide. Silicon is typi cally not used attemperatures higher than about 200 C. and gallium arsenide is not typically used above 300 C. These temperature limitations are caused, in part, be cause of the relatively small energy band gaps for sili con (1.12 eV at ambient temperature) and gallium arse nide (1.42 Ev at ambient temperature). Diamond, in contrast, has a large band gap of 5.47 Ev at ambient temperature, and is thermally stable up to about 1400 C. Diamond has the highest thermal conductivity of any solid at room temperature and exhibits good thermal conductivity over a wide temperature range. The high thermal conductivity of diamond may be advanta geously used to remove waste heat from an integrated circuit, particularly as integration densities increase. Ill addition, diamond has a smaller neutron cross-section which reduces its degradation in radioactive environ ments, i.e., diamond is a "radiation-hard' material.
Because of the advantages of diamond as a material for semiconductor devices, there is at present an interest in the growth and use of diamond Schottky diodegas sensors. Unfortunately, it has been found that Schottky diodes fabricated from diamond exhibit frequency de pendence of their capacitance/voltage characteristic, thereby limiting the usefulness of diamond based Schottky diodes and gas sensors.
The Letters, Vol. 53, No. 7, pp. 586-588 (1986) .
In these investigations, the frequency dependent vari ation in capacitance/voltage characteristic has been attributed to the presence of deep level states in the diamond band gap, and to the high resistivity of bulk diamond as a result of diamond's unique energy level structure. Accordingly, characterizations of Schottky contacts have heretofore assumed that the undesirable frequency dependence of the capacitance/voltage char acteristic was as a result of the inherent energy level structure (i.e. the deep level states in the diamond band gap) and high series resistance of the diamond material itself. This undesirable frequency dependence limits the usefulness of diamond based gas sensors, notwithstand ing the advantages of diamond as a material for semi conductor devices, especially in high frequency or fast transient applications.
SUMMARY OF THE INVENTION
It is therefore an object of the invention to provide diamond-based chemical sensors.
It is another object of the invention to provide dia These and other objects are provided, according to the present invention, by a chemical sensor which in cludes a diode or a transistor fabricated in diamond. A diamond based diode chemical sensor includes a first diamond layer of first conductivity type and a second semiconductor layer of second conductivity type on the first diamond layer. The first and second layers form a semiconductor junction therebetween. The second layer may be a second diamond layer. At least one of the first and second layers is configured to allow a chemical which is external to the sensor to interact with the first or second layer and alter an electrical charac teristic of the semiconductor junction. For example, at least one of the first and second layers is configured to allow absorption/adsorption of gas molecules or atoms, resulting in a change in the surface potential, conductiv 5,362,975 3 ity, charge density or other characteristic. These changes may be detected by detecting shifts in the ca pacitance voltage (C-V) characteristics of the diode.
In a particular embodiment of a diamond based diode chemical sensor, the first diamond layer is a P-type diamond layer and the second layer includes an N-type gas sensitive second diamond layer. The second layer can also be an N-type moisture sensitive second layer, an N-type gas sensitive semiconducting oxide layer, an N-type carbon layer or another N-type chemical sensi tive layer. Preferably, the first diamond layer is rela tively lightly doped and an electrical contact is formed on the first diamond layer. A relatively highly doped region is formed in the first diamond layer, adjacent the electrical contact, so that the electrical contact forms an ohmic contact with the highly doped region. When the diamond layer includes a highly doped region adjacent the ohmic contact, the frequency dependence of the capacitance/voltage characteristic is reduced signifi cantly.
A diamond based transistor chemical sensor includes a diamond layer and a field effect or bipolar transistor in the diamond layer. The transistor includes a controlling electrode, such as a gate or base electrode and first and second controlled electrodes such as source and drain electrodes or emitter and collector electrodes. The con trolling electrodes are configured to allow a chemical external to the diamond based transistor to interact with the controlling electrode or the diamond layer, and alter the characteristics of the transistor. For example, the controlling electrode may include a gas sensitive or moisture sensitive layer. As also described above, a highly doped diamond layer is preferably formed adja cent the controlled electrodes (such as the source and drain) to form ohmic contacts and thereby reduce the frequency dependence of the capacitance/voltage char acteristic of the transistor.
According to another aspect of the invention, the diamond based diode or transistor chemical sensor in cludes a heater which is thermally coupled to the sensor for heating the sensor to a predetermined temperature. Since diamond is capable of operating effectively at high temperatures, the heater may be provided to in crease the chemical sensitivity of the sensor by elevat ing the temperature of the sensor. The heater can also be used to purge the chemical sensor or to move the sensor between operating temperatures to enhance sen sitivity to different chemical species. A temperature monitor is also preferably coupled to the sensor for monitoring the temperature of the sensor. An accurate indication of the sensing temperature is thereby ob tained. Preferably, the heater is an interdigitated resis tive heater which is formed in one of the diamond layers of the diode or transistor, and the temperature monitor is preferably a diamond-based thermistor. According to another aspect of the invention, a dia mond-based gas sensor includes a diamond layer having a Schottky contact thereon and an ohmic contact thereon, wherein the diamond layer includes a highly doped region adjacent the ohmic contact to provide a low resistance ohmic contact. It has been found, ac cording to the invention, that the frequency depen dence of the capacitance/voltage characteristic of gas sensors formed thereby is not primarily related to the presence of deep level states in the diamond band gap, as has been assumed for a period of over twenty years. Rather, according to the invention, it has been found that the strong frequency dependence is primarily a result of the high impedance (i.e. resistance and capaci tance) of the "ohmic' contact which is typically applied to the diamond layer. The high series resistance of diamond also plays an important role in the frequency dependence, as has already been known. When the diamond layer includes a highly doped region adjacent the ohmic contact, the frequency dependence of the capacitance/voltage characteristic is reduced signifi cantly. Gas sensors with improved operational charac teristics are thereby provided.
According to the invention, the highly doped region adjacent the ohmic contact is preferably boron doped at a concentration of at least 1020 cm3. This doping forms an ohmic contact with a contact resistance of less than 103 0-cm2. Preferably, the ohmic contact is a back contact on a face of a diamond layer opposite the Schottky contact.
The diamond layer of the present invention can be a monocrystalline diamond layer or a polycrystalline diamond layer. The diamond layer may itself be formed on a diamond or a nondiamond substrate using tech niques well known to those having skill in the art. When a back ohmic contact is formed on the diamond layer, a portion of the substrate is preferably removed to expose the back face of the diamond layer, opposite the Schottky contact, and allow the highly doped boron region to be formed. A metal contact is formed on the boron doped region.
The highly doped boron region can be formed in the diamond layer by in situ boron doping or boron ion implantation using techniques well known to those hav ing skill in the art. By providing a highly doped boron layer adjacent the ohmic contact, frequency variations of the capacitance/voltage characteristics are reduced. A gas sensor according to the invention includes a diamond layer having first and second opposing faces, and a first contact on the first face, wherein the first contact forms a Schottky barrier of predetermined Schottky barrier height between the first contact and the first face. The first contact allows gas to interact with the first face, to thereby alter the predetermined Schottky barrier height. The contact is preferably a catalytic metal contact such as platinum or palladium, which is sufficiently thin to allow gas to interact with the diamond layer. Preferably the catalytic metal layer is less than 1000 $) thick. When the diamond layer is a layer of polycrystalline diamond, a layer of undoped diamond or a thin layer of silicon dioxide is also prefera bly included between the metal layer and the polycrys talline diamond layer. The gas sensor also includes a second contact, preferably on the second face, and the diamond layer includes a highly doped region, prefera bly boron doped at a concentration of at least 1020 cm3, adjacent the second contact, to form an ohmic contact having a contact resistance of less than 103 ()-cm2. An improved gas sensor is thereby provided. FIGS. 9A and 9B are a graphical illustration of Capacitance-Voltage measurements as a function of frequency for a conventional Schottky diode, and an equivalent circuit for the conventional Schottky diode, respectively.
FIGS. 10A and 10B are a graphical illustration of Capacitance-Voltage measurements as a function of frequency for a Schottky diode according to the present invention, and an equivalent circuit for a Schottky diode according to the present invention, respectively. 
DESCRIPTION OF THE PREFERRED EMBODIMENTS
The present invention now will be described more fully hereinafter with reference to the accompanying drawings, in which preferred embodiments of the in vention are shown. This invention may, however, be embodied in many different forms and should not be construed as limited to the embodiments set forth herein; rather, these embodiments are provided so that this disclosure will be thorough and complete, and will fully convey the scope of the invention to those skilled in the art. In the drawings, the thickness of layers and regions and positions of grain boundaries are exagger ated for clarity. Like numbers refer to like elements throughout.
Referring now to FIG. 1, a first embodiment of a diamond gas sensor according to the present invention is shown. Gas sensor 10 includes a diamond layer 11, preferably between about 1 p.m. and about 250 um thick, and which is lightly doped, preferably at a boron con centration of 1015-1018 atoms cm3. Diamond layer 11 may be a monocrystalline diamond layer or a polycrys talline diamond layer and may be formed using tech niques well known to those having skill in the art.
Diamond layer 11 includes a first face 11a and a second face 11b. Other high bulk resistance semiconductors, such as silicon carbide or gallium nitride may be used.
As also shown in FIG. 1, diamond layer 11 includes a highly doped region 11c at second face 11b. Layer 11c is preferably between about 0.3 um and about 1 um thick and is heavily doped with boron at 1020-1021 atoms cm-3 to produce a P----region.
Still referring to FIG. 1, a Schottky contact 12 is formed on first face 11a of diamond layer 11. Schottky contact 12 is formed of a metal which forms a Schottky barrier with diamond. Schottky contact 12 is preferably formed of a catalytic metal such as platinum or palla dium. The catalytic metal allows the sensing gas to rapidly pass therethrough in a direction shown by ar rows 16 and interact with the first face 11a of diamond layer 11. Schottky contact 12 is preferably sufficiently thin to allow the gas to interact with the diamond layer.
When platinum prpalladium is used, a thickness of less than about 100 A is preferred.
As described above, diamond layer 11 may be a monocrystalline diamond layer or a polycrystalline diamond layer. When a monocrystalline diamond layer is used, the Schottky contact 12 is typically formed directly on the first face 11a of monocrystalline diamond layer 11. However, when a polycrystalline diamond layer is used, As is well known to those having skill in the art, the gas which enters substrate 11, as shown by arrows 16, alters the barrier height of the Schottky barrier formed between contact 12 and face 11a. This change in barrier height is used as a criteria for detecting the gas, using techniques well known to those having skill in the art. Heretofore, the frequency dependence of the capaci tance of the Schottky contact was a strong influence in the determination of barrier height. It was thought that this frequency dependence was due to the presence of deep level states in the diamond band gap and to the high resistivity of the diamond layer 11. Accordingly, the inherent characteristics of diamond itself were here tofore thought to be limiting factor in the performance of gas sensors.
According to the invention, an ohmic contact is formed of metal 13 on the second face 11b of diamond layer 11, adjacent the highly doped region 11c. The highly doped region preferably produces a contact resistance of less than 10-30-cm2. A first and second electrode 14 and 15 respectively, connect the Schottky contact 12 and ohmic contact 13 respectively, Suitable encapsulation 17 is used to protect the device, while allowing gas to interact with the diamond layer 11 at the first face and thereby altering the Schottky barrier height. It will be understood by those having skill in the art that suitable encapsulation 17 may also be provided on Schottky contact 12 for protective purposes, as long as gas interaction is still provided. substrate. In the embodiments of FIGS. 3 and 4, it is assumed that layer 11 is monocrystalline diamond, so that layer 21 is not shown.
The Schottky diodes and gas sensors of FIGS. 1-4 can be fabricated by using natural (type IIb) diamond crystals 11 which are polished and chemically cleaned in CrO3--H2SO4 acid solution followed by cleaning in aqua regia (3HC1-1HNO3) and RCA solutions. Plati num or palladium films are formed on the first surface 11a of the diamond crystal 11 using a well known resis tance heating technique. Region 11c may be formed by ion implanting the second face 11b (FIG. 1 or FIG. 2 (FIG. 3 or FIG. 4) of diamond layer 11, as appropriate, with boron. The implantation dose is preferably 5x 1016 cm-2 at an energy of 60 keV and a target temperature of 200 C. The diamond crystals are then annealed in a furnace at about 1200° C. for 30 minutes at 1x10-7 Torr. The graphite formed during implantation and annealing is then etched in CrO3--H-2SO4 acid solution at about 200 C. A high atomic boron concentration at the appropriate surface 11a (FIG. 1 or  FIG. 2) or 11b (FIG. 3 or FIG. 4) of 1020-1021 cm-3 is obtained.
Then, metal contact 13 is formed using a refractory metal, preferably titanium, about 200 A to about 400 A thick. Other refractory metals may also be used. A gold passivating layer, preferably about 1000A to about 1500 A thick may then be formed on the refractory metal layer. Other passivating layers may also be used. An anneal may then be performed at about 800 C. to about 850° C. for a time period of about fifteen minutes to about ninety minutes, to convert at least a portion of the titanium layer to titanium carbide. A low resistance source contact is thereby formed. The process for form ing the ohmic contact layer 13 is similar to the process for forming ohmic contacts on diamond as described by Referring now to FIG. 5, a third embodiment of the gas sensor according to the invention is described. Gas sensor 50 is similar to gas sensor 10 described in FIG. 1 except that diamond layer 11 is itself formed on a sub strate 18. The substrate 18 may be a diamond substrate or a nondiamond substrate. To facilitate formation of a monocrystalline diamond layer 11, substrate 18 is pref erably crystalline silicon carbide, cubic boron nitride, crystalline copper or crystalline nickel. Alternatively, substrate 18 may be a diamond substrate. A polycrystal line diamond layer 11 may also be grown on a non diamond or diamond substrate using techniques well known to those having skill in the art. If a polycrystal line diamond layer 11 is used, layer 21 is also preferably present, as was described above.
As shown in FIG. 5 , a portion of substrate 18 is re moved to form an aperture 19 therein about 2 mm in diameter, to allow access to back face 11b of diamond layer 11. A heavily doped boron region 11c is formed by implantation through the aperture 19. An ohmic contact 13 is then formed as was already described . FIG. 6 illustrates a similar configuration of a Schottky diode 60 having an implanted region 11c on the back face 11b of diamond layer 11.
Referring now to FIG. 7 , yet another embodiment of a diamond based gas sensor 70 according to the present invention is shown. In this embodiment, heavily doped region 11c is grown on lightly doped portion lid using in situ doping through the aperture 19. An in situ doped region having thickness of between about 0.3 um and about 1 um is formed. FIG. 8 illustrates a Schottky diode 80 formed using an in situ doped heavily born doped region 11c as described in connection with FIG.
7.
According to the invention, heavily doped boron layer 11c, in combination with contact 13 provides a low resistance ohmic contact. The low resistance ohmic contact dramatically reduces the frequency dependence of the measured capacitance of a diamond Schottky diode and diamond gas sensor. This strong frequency 5,362,975 dependence of the measured capacitance was hereto fore assumed to result from the inherent properties of the diamond itself, i.e. deep level states and series resis tance. According to the invention, by providing a low contact resistance ohmic contact for the Schottky diode and gas sensor, improved device performance may be obtained.
In order to compare the performance of a Schottky diode with and without the ohmic contact of the present invention, natural (type IIb) diamond crystals were polished and chemically cleaned in CrO3--H2SO4 acid solution, followed by cleaning in aqua regia (3HC1--1HNO3) and RCA solutions. Aluminum (Al) and Platinum (Pt) films (about 2000 A in thickness)
were deposited on two different cleaned diamond crys tals using a resistance heating technique. A molybde num mask, with 355.6 pum diameter holes, was used during deposition to define metal dots on the diamond crystals. In order to study the effect of back contact resistance on capacitance/voltage (C-V) characteris tics, the backside of some of the crystals were boron (B) ion implanted to achieve a high B concentration region 11c at the surface. The implantation conditions were as follows: Dose-5X1016 cm-2; Energy-60 keV; Tar Electrical measurements were performed on the contacts in a vertical configuration after mounting the samples on a platinum plate using silver paste, with the silver paste contacting region 11b (no ohmic contact) or 11c (ohmic contact). Current-voltage (I-V) measure ments were performed using an HP4145B semiconduc tor parameter analyzer. An HP4284A LCR meter was used to perform the C-V measurements. The I-V char acteristics of Al and Pt contacts showed excellent recti fication. At an applied bias of 20 V, reverse leakage current densities of 4.1 x 10-8 and 6.3X 10-9 A/cm2 were obtained for Al and Pt contacts, respectively. The C-V measurements were performed in a parallel circuit mode because of the high impedance of metal/diamond Schottky junctions. The reliability of C-V measure ments was evaluated by a quality factor Q, expressed as Q=RCo), where R is the equivalent parallel resistance and c) is the angular frequency. A value of Q25 was considered to be a reliable measurement. The following values were used for the variables in the model; GB=7.2x10-2 S/cm2, GC=5.1X 10-6 S/cm2, As=9.9x10-4 cm2, R=4x10-3, CC= 1.8x10-9 F/cm2. The values of Cn as a function of bias at 500 Hz were assumed to be equal to Cs. The value of GB listed above corresponds to a bulk resistance of 14 k(). This value was in good agreement to the measured value of the bulk resistance of natural diamond.
The circuit, shown in FIG. 10b can be used to model the frequency dependence of C-V measurements on rectifying contacts to back side implanted diamond crystals according to the present invention. In this case, Cn becomes:
It can be seen from Equation 2 that, for low frequencies, CnsAS.Cs. Using this model, fits (solid lines) were made to the C-V data obtained from measurements on
Al contacts with implanted back contact (FIG. 10a) . It is observed that the fit to experimental data is reason ably good for all frequencies in the range 500 Hz to 800
kHz. As before, the values of Cn as a function of bias at 500 Hz were assumed to be equal to C. A value of 0.23 S/cm2 was used for GB in the model. This corresponds to a value of 4.3 kg) for the bulk resistance of diamond.
In summary, differential capacitance-voltage (C-V) measurements were performed on Al and Pt rectifying 5,362,975 11 contacts on natural (type IIb) diamonds. Capacitance voltage data showed frequency dependence, which decreased significantly after reducing the back contact impedance. Accordingly, the frequency dependence of capacitance-voltage data seems primarily to be an effect of back contact capacitance and resistance, as well as the bulk resistance of diamond. High performance Schottky diodes and gas sensors are obtained.
Referring now to FIG. 11 , a first embodiment of a diamond based diode chemical sensor according to the invention is shown. Chemical sensor 110 includes a diamond layer 11 as was already described regarding previous embodiments. As shown, diamond layer in cludes a lightly doped region 11e preferably doped at a boron concentration of 1015-1018 atoms cm-3. An un doped region lid preferably has a doping concentration of less than 1015 atoms cm3. A highly doped region 11c is also included at first face 11a. Region 11c is preferably heavily doped with boron at 1020-1021 atoms cm-3.
Still referring to FIG. 11 , a diode is formed on first face 11a of diamond layer 11 by forming a chemical or gas sensitive semiconductor region of opposite conduc tivity type from region lie, on first face 11a. For exam ple, there are numerous gas sensitive oxides which may be used to make a heterojunction with P-type diamond resulting in a gas sensitive diode. See for example Ta bles 1 and 4 of the publication entitled Materials Selec tion for Semiconductor Gas Sensors by P. T. Moseley, Sensors and Actuators, Vol. B6, pp. 149-156 (1992) , the disclosure of which is incorporated herein by reference. Table 1 and Table 2 below reproduce the characteris tics of some of the materials described in the Moseley reference. Thus, for example, titanium dioxide may be used. As is well known to those having skill in the art, titanium dioxide exhibits N-type semiconductor characteristics at elevated temperatures in response to oxygen.
As can be seen from the above Tables, most of the gas sensitive oxides typically operate in the 200-700 C. temperature range which is compatible with P-type diamond but incompatible with most other semiconduc tors. Alternatively, an all carbon PN-diode humidity sensor can be fabricated using a partially polyconden sated furfuryl alcohol layer 111 which is deposited on the diamond substrate 11 at 400-450° C. by spray py rolysis followed by an annealing at 550-800° C. to produce an N-type carbon layer 111 on the P-type diamond region 11e. See the publication by Lukaszew icz entitled An Application of Carbon-Type Semiconduc tors for the Construction of a Humidity-Sensitive Diode, Sensor Actuator, Vol. B6, pp. 61-65 (1992), the disclo sure of which is hereby incorporated herein by refer eCe.
As described above, many of the N-type gas sensitive or moisture sensitive layers operate best at elevated temperatures. Accordingly, in a preferred embodiment, the diamond-based diode sensor preferably includes an interdigitated resistive heater 117, preferably doped P-type, at a boron concentration of 1015-1022 atoms cm3, in undoped diamond region 11d. The sensors of the present invention may incorporate a heater in order to operate at higher temperatures which may be optimal for sensitivity, or even a requirement for activation of the gas sensitive semiconductor. The heater can also be used to purge the surface if saturation occurs and can be used to move the device between operating tempera tures where the gas sensitive semiconductor may be sensitive to different species.
Also preferably, in order to monitor and regulate the temperature, a temperature monitor 112 is also in cluded, for example on first face 11a. Many configura tions of temperature monitors may be included. One configuration uses doped diamond regions 114 (for ex ample, boron doping concentration of about 1x1017-1X 1019 cm-3) on an undoped diamond layer 113. However, it will be understood by those having skill in the art that other configurations of temperature monitors may be used. The resistive heater 117 and the temperature monitor 112 are thermally coupled to the diamond based diode sensor 110.
Appropriate metal or other contacts are also included for electrically contacting the respective regions of sensor 110. Contact 116 electrically contacts layer 111. Contact 13 electrically contacts P--layer 11c. Contacts 115 and 115 electrically contact regions 114 and 114", and contacts 118 and 118' electrically contact resistive heater 117. 5,362,975 13 Finally, appropriate external connections are pro vided for the device. In particular, a cathode C, an anode A, a pair of temperature monitor connections T, T', and a pair of heater connections H, H' are provided. The device is also encapsulated by layer 17 as was al ready described in connection with previous embodi ments. However, it will be understood by those having skill in the art that the use of diamond in the sensor may reduce or eliminate the need for encapsulation. (FIG. 11) except that a field effect transistor rather than a diode is provided. In order to implement the field effect transistor, a pair of P--re gions 11c, 11c' are provided. A source contact and a drain contact 161, 162 respectively, are provided, and source and drain connections S and D respectively, are also provided. An insulating layer 163 such as silicon dioxide or insulating diamond is provided along with a gate contact 164 which may be a catalytic metal such as palladium. A gate connection G is also provided. (FIG. 20) except that a reference electrode 241, which is spaced apart from insulating layer 163, is used. This configuration of an insulating layer and a spaced apart reference electrode with an electrolyte solution 151 therebetween is similar to the configuration described in a publication entitled Hydrogeninated Amorphous Silicon Technology for Chemically Sensitive Thin-Filmed Transistors by Mariucci et al., Sensors and Actuators, Vol. B6, pp. 29-33 (1992) , the disclosure of which is hereby incorporated herein by reference. It will be understood by those having skill in the art that a relatively thick insulating layer 21 may be used to form an MOS capacitor rather than a Schottky diode.
For example, an insulating layer between 1000-2000 A thick may be used to forman MOS capacitor. It will be understood by those having skill in the art that the capacitance of the MOS capacitor changes similar to that of the Schottky diode in response to changes in gas concentration. Either the metal gate 12 or the insulator 21 may be formed of a gas sensitive material which affect the capacitance measurements performed on the device. For example, a catalytic metal such as platinum may be used for layer 21 as described for example in Lundström et al., Physics With Catalytic Metal Gate Chemical Sensors, CRC Critical Reviews in Solid State and Materials Sciences, Vol. 15, Issue 3, pp. 201-278 (1989) , the disclosure of which is hereby incorporated herein by reference.
Operation of the sensors described in FIGS. 11-22 will now be described. By providing a highly doped region 11c, 11c' which provides a low resistance ohmic contact for anode 13, source 161, and drain 162, the frequency dependence of the measured capacitance can be significantly reduced or even eliminated. Thus the frequency dependence of the capacitance/voltage char acteristics is reduced significantly. Moreover, by pro viding diamond-based diode and transistor sensors, high sensitivity may be achieved at high temperatures. The interdigitated resistive heater 117 can be used to main tain the device at elevated temperatures such as be tween 300-700 C., for optimal sensitivity, and the temperature monitor 112 can be used to monitor the sensor temperature.
Thus, the inherent advantages of diamond compared to silicon or gallium arsenide as a semiconductor can be exploited in the chemical sensors of the present inven tion, to provide high temperature, high speed and high power chemical sensors. Moreover, chemical sensors are the most difficult sensors to encapsulate and inte grate into state-of-the-art electronics because of the harsh environments in which they operate. Utilization of diamond as a chemical sensing semiconductor may reduce the need to encapsulate the device because of diamond's inherent chemical robustness.
In fabricating diodes or transistors as shown in FIGS. 11-22, it will be understood that either the insulating layer 163, 21 or the cathode/gate contact 164, 12 or both, can be the sensing material. For example, plati num on silicon dioxide on P-type diamond acts as a hydrogen sensor. While not wishing to be bound by any theory, it is hypothesized that hydrogen molecules or atoms absorb on the metal surface and change the sur face potential of the metal, resulting in a shift of a capacitance/voltage (C-V) curve relative to the mea surement in the absence of hydrogen. However, any change in the insulator or metal gate due to an adsorbed or absorbed gas will affect the C-V curve. A typical C-V curve is illustrated in FIG. 23 . Accordingly, the choice of insulator or metal gate may vary depending upon the chemical to be sensed. 5,362,975 15 In designing a P-N chemical sensitive diode, many gas sensitive oxides may be used to make a heterojunc tion with P-type diamond, resulting in a gas sensitive diode. As discussed above for a field effect transistor/-capacitor structure, any modification of the gas sensi tive material in the device will affect the capacitance voltage curve. Additionally, the presence of the gas should be apparent in current-voltage (I-V) measure ments for a field effect transistor. The expected current or voltage response of a field effect transistor is illus trated in FIG. 24 which is a plot of drain current versus gate voltage for constant source and drain voltage.
In the drawings and specification, there have been disclosed typical preferred embodiments of the inven tion and, although specific terms are employed, they are used in a generic and descriptive sense only and not for purposes of limitation, the scope of the invention being set forth in the following claims. 14. The diamond-based chemical sensor of claim 13 wherein said gate electrode comprises an insulating layer on said diamond layer and a gate contact on said gate insulating layer, opposite said diamond layer, at least one of said insulating layer and said gate contact being selected to allow a chemical external to said dia mond-based chemical sensor to interact therewith, and alter the characteristics of said field effect transistor.
15. The diamond-based chemical sensor of claim 12 wherein said first controlled electrode includes a first electrical contact on said diamond layer and a first re gion adjacent said first electrical contact and which is highly doped relative to said diamond layer, such that said first electrical contact forms a first ohmic contact with said first region; and wherein said second con trolled electrode includes a second electrical contact on said diamond layer and a second region adjacent said second electrical contact and which is highly doped relative to said diamond layer, such that said second electrical contact forms a second ohmic contact with said second region. 
